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Abstract. Equatorial wave dynamics are essential in most oceanic models for 
reproducing aspects of the El Niño-Southern Oscillation (ENSO) phenomenon. In this 
paper, observational evidence of first baroclinic equatorial Kelvin and first symmetric 
meridional Rossby waves is found in Geosat-derived sea level anomalies (SLA) and 
surface zonal current anomalies (ZCA) in the equatorial Pacific ocean during the 1986- 
1987 El Niño and the ensuing 1988-1989 La Niña. This was made possible after 
extensive quality control and specific processing of the recently improved Geosat 
geophysical data records pertaining to the 17-day Exact Repeat Mission. In particular, 
the processing was made so that the Geosat-derived ZCA best fit near-surface zonal 
currents from three equatorial moorings at 165"E, 140"W, and ll0"W. The Geosat- 
derived SLA and ZCA are decomposed into first baroclinic equatorial Kelvin and 
gravest Rossby modes. The emphasis is then put on the chronology of the ZCA at the 
equator where the currents are the most energetic and where Kelvin and first 
symmetric Rossby waves explain most of the variance in ZCA, in similar proportion. 
The 19861987 El Niño is mostly characterized by a strong downwelling Kelvin wave 
in December 1986, a series of downwelling Kelvin waves in March-October 1987, and 
a strong upwelling Rossby wave in March-September 1987. These waves are consistent 
with wind forcing, and all give rise to notable eastward ZCA for almost an entire year. 
During the El Niño-La Niña transition period there is the occurrence of two 
downwelling Rossby waves originating from the eastern Pacific at times of favorable 
wind forcing. These Rossby waves switch the basin-wide ZCA from eastward to 
westward, terminating the warm event. Then, the 1988-1989 La Niña shows the 
generation of a series of upwelling Kelvin waves which are clearly identified in March/ 
April and September/October 1988. These upwelling Kelvin waves are apparently 
related to the enhancement of the trade wind in the western half of the basin. These 
waves maintain the basin-wide westward ZCA for more than a year, although the ZCA 
is slightly reduced by a front of upwelling Rossby waves in phase with the normal 
seasonal cycle. The Kelvin wave forcing and sign of Kelvin wave contribution versus 
Rossby wave contribution to ZCA in the western Pacific are discussed, and we 
conclude that neither pleads in favor of the delayed action oscillator mechanism. 
1. Introduction 
Climate variability is caused by complex interactions 
between geophysical fluids and land surfaces. On interan- 
nua1 timescales, efforts to understand these interactions 
have mostly focused on the irregular EI Niño-Southern 
Oscillation (ENSO) phenomenon, given its huge signature in 
and over the tropical Pacific and Indian Oceans, together 
with its possible impact on global atmospheric and oceanic 
conditions [see Philander, 19901. Being of major importance 
to the economies of many nations, ENSO generated a large 
amount of scientific interest and endeavor with, as a back- 
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ground, the idea to get some skill in its prediction. Although 
successful predictions were made [Cane et al.,  19861, they 
cannot be fully satisfactory without understanding the intrin- 
sic ENSO mechanisms. 
From a theoretical point of view the theory of equatorial 
waves [Matsuno, 1966; Moore, 19681 appears as an histori- 
cally important step toward the understanding of EI Niño 
events, and linear models related to this theory were rather 
successful in reproducing integrated quantities such as sea 
level [Busalacchi and O'Brien, 1981; Busalacchi and Cane, 
19851. Moreover, long equatorial waves have remained 
pivotal components in models coupling the ocean and the 
atmosphere, thereby generating new ideas on why ENSO 
occurs [e.g., Battisti, 19881. From an observational point of 
view the size of the tropical Pacific was a major impediment 
to the global description of ENSO and to the assessment of 
the foundation of equatorial waves. Providing an almost 
synoptic coverage of the tropical Pacific, at short time 
intervals, the U.S. Geodetic Satellite (Geosat) was instru- 
mental in these goals (see Arnault and Périgaud [ 19921 for a 
review). More than one decade after the seminal observa- 
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Figure 1. 
dots denote the locations of in situ comparisons. as detailed in Table I .  
Aiailable ground tracks of the mean Gemat 17-day repeat orbit over the tropical Pacific. The 
tional work of Wyrtki  119751. it is only with the advent of 
Geosat that equatorial Kelvin and first $1 mmetric Rossby 
waves were comprehensively e\ idenced oler the whole 
Pacific basin [113illcr et d . ,  1988: Dclcroiu ct (11.. 19911. 
The present paper is an extension of the noork of Dclcloix 
et d. [1991] which was based on the first 13 months of the 
Geosat Exact Repeat hlission, from NoLember 1986 to 
November 1987. Here u e  will use an improbed \ersion of 
the Geosat geophysical data record [CIwtrq et  ol., 19911. 
and we will describe and analyze hoth the 19861987 El Niño 
and the ensuing 198s-1989 La Niña, from November 1986 to 
February 1989. Also, the emphask will be put mainly upon 
the surface zonal current anomalies (ZCLQ which are more 
intrinsically involved than the sea level anomalies (SLA) in 
equatorial ocean dynamics. Furthermore, the anal> sis will 
be done in such a way as to obtain some quantitative 
information on the actual role and possible origin of equato- 
rial waves. Specifically, the ZCA \\ill be analjzed in terms of 
orthogonal equatorial waves, assuming that the major con- 
tribution to SLA and ZCA is produced by the first baroclinic 
mode so that the other modes will be ignored. Evidence in 
support of this is given from models [Biisalacchi nnd 
O'Brien, 19811 and observations [Gill. 19821. although the 
second haroclinic mode is likely to contribute in SLA and 
ZCA [Birsalaccki mid Catie, 1985; Bigg trtid Blritidcll, 19891. 
Such an approach has alread) been employed on model 
results [Battisti, 1988: Wakcrra aiid Sar(ichik, 19911 and on 
observational along-track expendable bathythermograph 
(XBT) data [Gill arid Bigg, 1985; Bigg atid Bhazdcll, 19891. 
To our knowledge, the basin-wide observation of ZCA 
during a complete ENSO cycle has been neither described, 
nor so analyzed previous11 . 
The arrangement of the remainder of the paper is as 
follows. Section 2 presents the Geosat data dnd data pro- 
cessing, starting from the rau sea level data to ohtaining 
gridded SLA and ZCA fields. Section 3 details useful sup- 
plementarq in situ data and their processing. These \+ill be 
used in section 3 in order to I alidate the Geosat-derived SLA 
and ZCA using sea level from I O  i4and \tations situated 
within IO"N-103. O/SOO-dbar d l  namic height anomalie\ 
from 12 mooring\ in the equatoriti1 belt, and measured ZCA 
from three equatorial mooring\. The dewiption of the 
standard deviations in Geosat-derived SLA and ZCA over 
the tropical Pacific is gi\en in section 5. together with first 
evidence in SLA of first baroclinic equatorial Kelvin and first 
symmetric Rossbj M :ive propagation during November 1986 
to Fehruary 1989. In wction h the respective contributions of 
equatorial Kelvin and gravest Rossbj \va\ es are quantified 
in ZCA, projecting the SLA and ZCA into meridional 
modes; details on the projection are found in the appendix. 
The results indicate that about 70'7 of the variance in ZCA 
can be accounted for by equatorial Kelvin and first symmet- 
ric Rossby modes within 4'N to 4's. This is the region where 
the ZC4 are the most energetic and are likely play a crucial 
role in ENSO cycle. Projection of the zonal wind anomaly 
forcing into Kelvin and first symmetric Rossbj modes is also 
presented. Focusing only on the equatorial band, section 7 
presents a chronology of the ZCA. which are described in 
terms of Kelvin and first symmetric ( Y H  = 1 )  Rossby waves 
and related to the evolving zonal wind anomaly forcing. A 
conclusion is given in the last section. 
2. 
2.1. Geosat-Derited Sea Level Anomaly 
The present analysis is derived from the new version of 
the Geosat geophq sical data records (GDRI, produced by the 
National Oceanic and Atmospheric Administration [Chet iq  
ct d., 19911. Follo\sing the original GDR [Chetiey et al.,  
19871, this new version u ~ e s  improved satellite ephemeris 
and environmental corrections. all of which enhance the 
overall accuracy of the Geosat data. From the new GDR we 
ha\ e selected data cot ering the tropical Pacific Ocean (3.5"s- 
3S"N: lOYE-7U'N') from Nolember 8. 1986. to September 
26. 1989 (62 cycles). During this period. called the Exact 
Repent Mission (ERM. Geosst was in a 7 Y  orbit inclination 
and its ground trachs repeated e\er> 17 days. At the equator 
the intertrack distance was ahout 1 . 6 '  longitude and 3 days, 
although the dktance hetu een ascending and descending 
trach, reduced to 0.8" and 1.5 day5 ( w e  Figure I ) .  In the 
GDR the dong-trxk measurement, nere  averaged e\ er? 1 
5 .  rewlting in a 6.8-hm along-trnch re\olutinn. 
Techniques to retrim e seri \urface heights from Geosat 
altimeter und other meawrement\ are ampl) documented b) 
Geosat Data and Data Processing 
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Cheney et al. 11987, 19911. Here we only outline the correc- 
tions we used. Corrections accounting for the effects of solid 
earth and ocean tides, dry troposphere, ionosphere, inverted 
barometer, and electromagnetic bias were similar to the ones 
given in the original GDR. Besides, unlike the original GDR, 
the new tropospheric water vapor correction was derived 
from measurements made by the TIROS operational vertical 
sounder (TOVS) before July 1987 [Enzery et al., 19901 and by 
the special sensor microwave/imager (SSM/I) from July 1987 
[Wentz, 19891. Moreover, the new orbit was calculated from 
the ephemeris computed by Haines et al. [1990] which is 
based on the geopotential Goddard Earth Model (GEM)-T2 
of Marsh et al. [1990], along with Doppler data from a 
network of stations. All these corrections were worked out 
as they are proposed in the GDR by Cheney er al. [1991]. 
Even though the new GDR was an improvement over the 
original one, additional processing was still necessary, 
mainly to "remove" the geoid, to minimize residual orbit 
error, to filter out unrealistic physical values, and to reduce 
the huge amount of data to gridded fields. This was done in 
the following five steps: (1) a "mean" sea level was obtained 
along each repeat track, ignoring small longitude departures 
(<1 km) of all repeats: (2) sea level anomalies (SLA) were 
subsequently computed; (3) along-track filtering was then 
performed; (4) along each track a first-order polynomial was 
fitted to the SLA and the linear trend was removed: and (5) 
SLA and derived surface geostrophic zonal current anoma- 
lies (ZCA) were finally gridded. These steps are detailed 
below, keeping in mind that all adjustable parameters (orbit 
correction scheme, timehpace filter lengths, grid size, etc.) 
were chosen so that the ZCA approach in situ measurements 
of near-surface zonal current at three equatorial mooring 
locations (see section 4). This approach constitutes the most 
stringent test for validating Geosat in view of the sensitivity 
of the geostrophic approximation to small sea level pertur- 
bations near the equator. 
In the first step the mean sea level was considered defined 
at any one position if at least 31 out of 43 possible values 
ranging within 225,000 cm were present during the first 43 
repeat cycles (November 8, 1986, to November 7, 1988); 
otherwise, no mean was computed. This 31/43 threshold is a 
compromise between having a minimum of values so that the 
mean is a meaningful quantity and having a sufficient spatial/ 
temporal data coverage; it is similar to the 70% threshold 
used by Zlornicki [19911 and Fii et al. [19911. We note that 
the mean is computed over 2 entire years which include both 
an El Niño and a La Niña event so as to minimize a possible 
bias introduced by the seasonal and interannual variability. 
In the second step the mean was subtracted from each value, 
and only SLA ranging within r150 cm were considered. In 
the third step, along-track slopes in SLA yielding surface 
geostrophic current anomalies faster than 2 d s  were ex- 
cluded after being visualized. Then, following a technique 
described by Picalit et al. [1990], 200-km (total length) 
median and Hanning filters were applied to the along-track 
data, in order to suppress remaining nonphysical spikes [see 
Picaut et al., 1990, Figure 21. Also, data gaps smaller than 
100 km were filled through linear interpolation. The fourth 
step consisted of removing a polynomial trend from the SLA 
along each 35OS-35"N track in order to minimize the residual 
orbit error. Sensitivity studies based on comparisons with in 
situ measurements (see section 4) led us to choose a first- 
order polynomial. This is consistent with the results of 
Cheney et al. [1989] which have shown that the orbit error 
can be modeled as a linear trend to a few centimeters over 
arcs as long as 10,000 km, given the radial precision of the 
new orbit (40 cm rms). In practice, long continuous arcs 
were sometimes not available owing to data gaps or near the 
periphery of the Pacific basin. Because computations of tilt 
and bias over short arcs could be ill defined or lead to 
elimination of oceanic signal, we plotted each arc shorter 
than 2500 km, compared it visually to its neighbors, and 
discarded obviously erroneous ones and ones that did not 
reach 1250-km length. Moreover, information about the arc 
length relative to each SLA was kept to be used further in 
the gridding procedure. At this stage of the processing we 
had "removed" the geoid and the 2-year average sea level 
(steps 1 and 2), the along-track wavelengths shorter than 200 
km (step 3), and the orbit error (step 4). 
The last step of our data processing was to summarize the 
huge amount of SLA data onto a regular spacekime grid. 
Given our objectives and following De1croi.u et al. [1991], we 
chose to grid the SLA data onto 0.5" latitude, 5" longitude, 
and 5-day bins covering the tropical Pacific from 28.5"s to 
28.5"N, 125"E to 75"W (see Figure l), and from November 
23, 1986, to March 2, 1989. Note that reduction of the 
original spacehime coverage results from filtering and qual- 
ity control procedures; in particular, from March 1989 the 
amount of validated data collected by Geosat decreased 
dramatically owing to large solar activity [Cheiiey et al., 
19911. To construct the three-dimensional grid, the SLA data 
were first grouped into 33, 10" overlapping longitude bands 
centered every 5" of longitude from 125"E to 75"W. In each 
longitude band the SLA were then grouped in 5-day bins and 
averaged every 0.5" latitude, each value being weighted both 
by its distance to the closest grid point and the length of the 
track from which it was issued. The SLA data were then 
gridded in time using a Laplacian interpolation scheme. 
Finally, the gridded SLA were smoothed with 3.5" latitude, 
15" longitude, and 35-day Hanning filters to reduce small- 
scale noise resulting from time/space combination tech- 
niques. 
2.2. Geosat-Derived Surface Geostrophic Current Anomaly 
Given the SLA li, the anomalies of zonal surface geo- 
strophic current N off and at the equator are expressed 
respectively as 
fu = -gh, ( 1 4  
ßu = -yk,,, 
where f is the Coriolis parameter: p, its meridional deriva- 
tive at the equator; y, the acceleration due to gravity; and 
the subscripts denote the first ( y )  and second ( y u )  deriva- 
tives in the meridional direction. Following Picaut arid 
Tournier [ 19911, a correction factor C( y )  must be added to h 
to ensure continuity between i i  deduced from the first- and 
second-derivative calculations. The equatorially trapped 
correction factor C( y )  is expressed as: 
Given (1) and (2), the ZCA were calculated from the gridded 
SLA using first- and second-order, centered finite diKerence 
schemes off and right at the equator, respectively, with a 
trapping scale L of 2" latitude. It must be remembered that 
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Table 1. Comparison Between Geosat-Derived Sea Level and Zonal Current Anomalies Versus in Situ Measurements 
Site 
Location, 
Latitude, 
Longitude IV R rms,, rmsi ci I rmsdif 
Kapingamarangi 
Pohnpei 
Mooring, mean TS 
Hith monthly TS 
Mooring, mean TS 
\sith monthly TS 
Nauru 
Mooring, mean TS 
with monthly TS 
Mooring, mean TS 
sith monthly TS 
híajuro 
Funafuti 
Kanton 
Penrhyn 
Christmas 
Mooring. mean TS 
Mooring. mean TS 
Mooring. mean TS 
Nukuhiva 
Mooring. mean TS 
Mooring, mean TS 
Mooring, mean TS 
Mooring, mean TS 
hioonng, mean TS 
Santa Cruz 
Mean 
Mooring, 2 = 50 m 
Mooring, z = 10 m 
Mooring, E = 10 m 
Mean 
1.1". 154.8"E 
7"N, 158.2"E 
T", l65'E 
O", l6S"E 
O.S'S ,  166.9'E 
2%. 165% 
5"s. 165"E 
7.icW, i7i .45 
8.53. 179.2-E 
2 . 8 5 ,  171.7'W 
9"s. 158'w 
3"N. 157.S'W 
2 N. I40'W 
2"s. 140"W 
8.9"s. 140'W 
YN, ll0"W 
2 N, II0"W 
O", 110"w 
2"s. 1 10"7rlr 
YS. llO'W 
0.8's. 90.3%' 
o. ~ r r w  
O', l65"E 
o', 140"W 
o', 110"" 
Sea L r \ d  Anomuly 
27 0.49 
27.5 0.93 
14 0.58 
14 0.59 
27 0.15 
27 0.47 
21.5 0.65 
20.5 0.40 
20.5 0.64 
16 0.82 
16 0.88 
íÌ.fin 
27.5 0.77 
27.5 0.73 
27.5 0.76 
21.5 0.85 
1 . 5  0.86 
28 0.95 
21.5 0.93 
24 0.77 
21.5 0.81 
28 0.79 
22 0.70 
21 0.61 
27.5 0.46 
o. 74 
- *  
LO.2 
24 0.72 
Zonal Ciirrent Anotnnly 
24.5 0.92 
27 0.70 
28 0.49 
0.70 
3.3 
5.0 
4.3 
4.3 
4.0 
4.0 
4.2 
4.2 
4.2 
6.8 
6.8 
5.8 
h.9 
6.0 
4.4 
8.6 
6.4 
9.0 
7.2 
3.3 
6.2 
5.8 
6.0 
5.7 
4.3 
3.3 
41.9 
30.7 
'9.3 
34.0 
7.5 
11.4 
5.9 
5.5 
5.4 
4.h 
7. I 
7.0 
5.9 
12.5 
11 .o 
S.8 
8.9 
7.0 
5.9 
11.9 
10.7 
12.3 
8.8 
5.2 
8.4 
8.0 
9.3 
8.7 
6.9 
8.2 
41.9 
31.7 
32.3 
3.5.3 
0.44 
o. 44 
0.72 
0.78 
0.7s 
0.87 
0.60 
0.59 
0.71 
0.55 
0.62 
0.66 
0.78 
0.8h 
0.76 
0.72 
0.55 
0.73 
0.87- 
0.63 
0.74 
0.73 
O.h4 
O.66 
0.62 
0.40 
0.h7 
1 .o 
1 .o 
0.9 
1 .o 
6.6 
7.0 
4.9 
4.6 
6.2 
4.S 
5.4 
6.6 
4.6 * 
7.9 
6.0 
4.6 
5.7 8 
4.9 
3.9 
6.4 
6.2 
4.8 
3.4 
3.6 
5.4 
4.7 
5.9 
6.2 
5.5 
7.3 
5.3 
16.6 
24.0 
31.4 
24. o 
Computed at each site is the length of the time series A1 in months, the correlation coefficient R .  the rms of the Geosat-derived rmsy and 
in situ rmsi measurements, their ratio GI] ,  and the rms difference rmsdif. Dimensionalized units are centimeters und dynamic centimeters 
(mooring data) for sea level and centimeters per second for surface current. 
the correction factor C( y )  does not alter the SLA and ZCA 
right at the equator ( y  = O ) ;  it just smoothes out the Z C a  
within 2 L degrees off the equator [see Piccrrrt und Toirrnier. 
1991, Figure 31. 
3. Additional Data 
Various supplementary data are used in the following 
discussion in order to assess the quality of Geosat-derived 
SLA and ZCA. as well as to help interpreting the ZC-4 
during the 198G.1988 EI Niño and La Niña period. 
In situ comparisons of Geosat-derived SLA were per- 
formed from tide gauge measurements and OKOO-dbar dy- 
namic height anomalies. Tide gauge sea level data were 
provided by the Tropical Ocean and Global Atmosphere 
(TOGA) sea level network [Wyrlki ct al., 19881. Among all 
available sea level stations we selected 10 stations located 
uithin 1O"N to IO'S, far from continental masses. and with 
almost continuous records from November 1986 to February 
1989 (Figure 1 and Table 1 ) .  The sea level data consist of 
daily mean \ d u e s  that do not include the diurnal rind 
semidiurnal tidal components. Instrumental uncertaintie\ 
combined with island effects result in an error of 3-7 cm in 
the in situ sea level estimates. 
In the open ocean. daily Ol5OO-dhar d j  namic height anom- 
alies were obtained from temperature \ensors of 12 TOGA- 
Tropical Atmosphere Ocean (TAO) moorings located in the 
equatorial band at 16S"E. 14O"W. and llO'W (Figure 1 and 
Table 1). These "sea level" time series present the advan- 
tage of being evenly distributed in the equatorial wave guide. 
in contrast to sea level \tations mainly located in the western 
half of the Pacific. The O/SOO-dbar calculation was done, for 
all moorings, with Levitits [I9821 mean TS relations and, for 
the moorings at 16S"E. with monthly TS relations derived 
from 11 cruises [see Delcroix er ul., 19921. Few short data 
gaps in the temperature time series at specific levels have 
been filled by extrapolation of neighboring levels using linear 
regression coefficients derived from overlapping time series: 
extrapolated values represent only 7% of the total values. It 
is interesting to  note that the significance of our 0/5OO-dhar 
dynamic height anomaly is altered by the use of mean TS 
curve (at ll0"W and IilO'W) and 500-dbar reference level. 
The use of mean TS curve4 can result in a more than 5-cm 
error along I W E  [Delcroix c r  (il.. 19871 and a I-cm error at 
1 l0"W [Mcfhadcti trrirl Hrrycs. 19901. Density variations 
below 500 dbar would result in about a 1- to I-cm error when 
using SOO dbar :is :in absolute reference level. Compared 
i i i t h  this. error4 introduced by discrete \ertic:ì1 temperature 
sampling along the mooring lines uppear negligihle. Follow- 
ing the Geosat datiì prace\sing. all daily sea level and 
. 
4 
Il 
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01500-dbar dynamic height anomaly data were averaged over 
5-day bins and low-pass filtered with a 35-day Hanning filter, 
and anomalies were computed relative to the 2-year period 
November 1986 to October 1988. 
In situ comparisons of Geosat-derived ZCA were also 
performed from currents measured from three taut-line 
surface moorings located along the Pacific equator at 165"E, 
140"W, and 110"W. Each surface mooring was instrumented 
in the upper 250-300 m with six to seven vector averaging 
current meters (VACM). The VACM recorded 5-min aver- 
age currents which were processed to daily average in a 
manner similar to that described by Freitag et al. [1987]. The 
shallowest records with a minimum of 1-year duration were 
used for each mooring for comparison with Geosat-derived 
ZCA. The current data at 50-m depth were selected for 
0"-165"E and at 10-m depth for O0-14OoW and 0"-110"W. As 
already noticed by McPhaden et al. [1990], we found the 
50-m current variability at 165"E representative of the flow at 
10 m; the correlation coefficient between daily averaged 10- 
and 50-m data is 0.83 for 893 common measurements in 
19861991, with a rms  difference of 18 c d s .  A 7-month data 
gap at 140"W was filled in by extrapolating 25-m data to 10 m, 
based on linear regression fit of 10- and 25-m daily values; 
the correlation coefficient between 10- and 25-m data is 0.96 
for 1916 common measurements in 1984-1991, with a rms 
difference of 11 c d s .  To conform with the Geosat data 
processing, current time series were processed into 5-day 
bins and filtered in time with a 35-day Hanning filter, and 
anomalies were computed relative to the 2-year period 
November 1986 to October 1988. 
To help understand the ZCA changes, we also used the 
Florida State University (FSU) wind field analysis [Golden- 
berg and O'Brien, 19811. The original monthly 2" latitude by 
2" longitude wind field was smoothed with a 14" longitude 
Hanning filter to  approach the Geosat data processing. We 
also commented on two indicators of ENS0  obtained from 
the Climate Analysis Center (Washington, D. C.), the South- 
ern Oscillation Index (SOI) (as defined in Plate 2) and the 
SST averaged in the Niño3 region (5"S-Y", l5O0W-9OoW). 
Monthly anomalies of SST in the Niño3 region (hereinafter 
defined as SSTA) were calculated relative to  the 2-year 
period November 1986 to October 1988. 
4. In Situ Comparisons 
Comparisons between Geosat-derived and in situ sea level 
and surface currents were performed to assess how well 
Geosat data capture the variability of these two quantities. 
4.1. Geosat-Derived and in Situ Sea Level 
Statistical comparisons between Geosat-derived and in 
situ sea level measurements are given in Table 1, and sea 
level time series at the equator and llO"W, 14OoW, and 165"E 
are exemplified in Figure 2. From Table 1 we see that the 
Geosat SLA are in reasonably good agreement with in situ 
measurements, with averaged correlation of 0.74, rms differ- 
ence of 5.3 cm, and signal ratio (defined as the rms Geosat 
signal over the rms in situ signal) of 67%. These values are 
the same order of magnitude as the ones found by Chao et al. 
[1993] for somewhat different locations. It is worth noting 
that the best correlations, the smallest rms differences, and 
the signal ratios closest to 1 are obtained in the central basin, 
suggesting that interpretation of our Geosat data for the far 
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Figure 2. Comparisons between Geosat-derived sea level 
anomalies and 01500-dbar dynamic height anomalies at the 
equator and (top) 165"E, (middle) 140"W, and (bottom) 
ll0"W. Units are in centimeters. 
eastern and western equatorial Pacific must be viewed with 
some caution. Also, it is worth noting that the Geosat signals 
appear damped at all locations (67%, on average), as exem- 
plified in Figure 2 along the equator. This may reflect that 
Geosat sea level data are averaged over 10' longitude by 0.5" 
latitude and smoothed with a 3.5" latitude and 15" longitude 
Hanning filter, in contrast to in situ data. Note that a 
sensitivity study was performed by using either bias only or 
quadratic arbit error correction schemes, and this did not 
improve, but rather degraded, the mean signal ratio. A 
thorough investigation of the specific processes contributing 
to the differences between Geosat and in situ measurements 
is beyond the scope of this paper. 
4.2. 
Time series of Geosat-derived and in situ ZCA are shown 
in Figure 3 for each equatorial mooring, along with basic 
statistical coefficients which are provided in Table 1. In 
agreement with Picaiit et al. [1990], but with the addition of 
15 months of measurements, the calculated and observed 
currents present a good correspondence at 165"E and 140"W. 
The correlation coefficients between the two time series are 
0.92 (165"E) and 0.70 (140"W), with corresponding rms 
differences of 17 and 24 c d s ,  compared respectively with 
the 42 and 32 c d s  rms of the observed currents. Also, the 
ratios of the rms calculated currents over the rms observed 
currents are close to 1 for each mooring. These comparisons 
indicate that low-frequency variations of zonal surface cur- 
rents at 0"-165"E and 0"-140"W can be fairly well deduced 
from Geosat data during the ERM. It is worth noting that the 
Geosat-derived ZCA seem slightly overestimated during the 
EI Niño period (November 86 to November 87), when the 
zonal wind stress anomalies are eastward, and slightly 
underestimated during the La Niña period (after November 
87), when the zonal wind stress anomalies are westward. 
This may reflect the effect of wind-induced frictional velocity 
Geosat-Derived and in Situ Surface Current 
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which contributes to the measured ZCA but not to the 
Geosat-derived ZCA deduced from geostrophy. 
-4 similar comparison performed at 1 1o"W is less con\ inc- 
ing (Figure 3). Although the ratio of the rms calculated 
currents (29 cmls) over rms ohserved ciirrents (31 cmis) is 
close to 1. the correlation coefficient is only 0.49 and the rms 
difference (31 cm/s) i4 of the same order dmagnitude ac the 
rms observed current. A s  noticed b i  Picciirr et  d. IlY9Ol. 
part of the discrepancy could be explained by the fact that 
descending tracks near W-I IO'W are sometimes not present 
at the time of the observations. therefore reducing the 
optimum temporal resolution ( 8 W .  on average) and the 
efficiency of the low-pass filter. However. Figure 3 reveals 
that large discrepancies behveen the time series occur during 
Marchdune 1987 and 1988. at a time of large eastward 
surface current associated with the surfacing of the Equato- 
rial Undercurrent. Interertingly, the hiarch-June diccrepan- 
ries do not exist u hen comparing Geosat-derived ZCA with 
another geostrophic in situ ZCA derived from OROO-dbar 
dynamic height cur\ature P,, obtained from the 2". O". and 
2's mooring data. In this latter comparism the correlation 
coefficient is 0.78 (0.84 at Oc-lh5^E. 0.79 at O0-14I"W) with a 
rms diEerence of 14 cmls (21 cmls at O'-lh5'E. 34 cm:s at 
0"-14o'W). Since Geosat-deri\ ed and 1"NIO'~"YS mooring- 
derived ZCA are both derived from geostrophic relation<, in 
contrast to the directly meiicured ZCA. this suggests that the 
poor ,grcement ,it ~~'-1lO'W ma) not unli be Iinhed to the 
poor densit) ot the surrounding Geosat data. but mci> also 
reflect dynamic reasons. The reason for this is unclear and 
deserves further investigation. 
5. Geosat-Derived Variabilities 
5.1. The Sea Level 
The spatial distribution of the rms of SLA about the ?-year 
period from November 1986 to October 1988 is given in 
Figure 4. The rms is greater than 3 cm over most of the 
tropical Pacific. except north of 15". in the far eastern and 
western equatorial Pacific and in the southeastern Pacific. 
The largest rms appears in the central Pacific. I 10'-18o'W, 
with one maximum trapped at the equator and a second one 
along a zonal band near IW-IYN. Moreover. the rms 
presents twc, mnxima \vest of the date line. on hnth sides of 
the equator at 4-11' latitudes. As reported by White utztl  Tcii 
[I9921 and Chrit1 et d .  [1993]. this rms distribution mostly 
results, in the central Pacific. from the comhined effects of 
the seasonal and interannual variability and. west of the date 
line. from the interannual vrtriahility associated with the 
19861989 EI Niño and La Niña events. We also note that 
the present rms distribution is similar to  the one ohtained 
using 1970-1987 time series of the depth of the 20°C iso- 
therm, a proxy for sea level [Kcsslcr.. 19901. 
The longitude-time plot of SLA along the equator (Plate 
Ih)  reveals eastward propagation of SLA with mainly posi- 
tive SL4 during the EI Niño period, November 1984 to 
February 1988. and negative SLA during the La Niña period, 
from March 1988. A410ng 1"s and 4"N latitudes IPlates la and 
I C )  the SLA propagate westward with roughly seniiannual 
alternation of positive and negative SL4. more ewily dis- 
cernible along 3". Similar results have heen obtained hy 
Dcloroix ct t i l .  [I9911 and Fu ct al. lIY91. 19931. Along the 
equator, time lag correlation matrix analysis yields a mean 
eastward phase speed c K  = 3.1 2 0.5 mis (the second 
number is 1 standard deviation). indicative of a first ha- 
roclinic Kelvin mode. Along 4"NWS the mean westward 
phase speed is c R  = 1.0 2 0 . 3  mis; it corresponds to the 
theoretical phase speed cK/2t?i t 1 of the first symmetric 
( n i  = 1 )  Rosshy wave. Interestingly. ive confirm the domi- 
nance of the first baroclinic mode. 
5.2. The Surface Current 
The spatial distribution of the rms of ZCa is given in 
Figure 3b. The rms is greater than I0 cmis inside a zonal 
band ranging from about 8?N to 8"S, reduced to 3'N to -VS 
near the eastern Pacific coast. As expected from geostrophy. 
the rm\ values increase equatorward. to reach as much ;ìS 40 
cmln at or close to the equator. The miximum values appear 
trapped at the equator. in the \vestern half of the bacin, 
where surface current reversal is frequently observed [Od- 
croix cr d., 19921. rind in the eastern half of the basin. 
clightly displaced to the north near the shear zone between 
the South Equatnrinl Current and North Equatorial Coun- 
tercurrent. The magnitude of these Geosat-derived rms ic in 
excellent agreement a.ith observational results based on 
mooring diita (see Table 1 ) .  drifting bti~)ys ~ H ~ ~ ~ I J L V ~  t i r i d  
Ptrirl. 1984. Figure 51, and XBT d:it:i [7 '~ .w t&*r . .  1989. Figure 
231. 
The near-equiitori:il rms maxima displayed in Figure 4b 
occur at latitudes corresponding to the locntion of pedi 
nmplitude in equatcrrial Kelsin and ttz = 1 Rossbj modes. 
cuggedng. in kigreement nith the SLA in Plate I .  thiit these 
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Figure 4. Maps of the standard deviation of (a) sea level anomalies (in centimeters) and (b) surface zonal 
current anomalies (in centimeters per second). Shaded areas denote values greater than (top) 5 cm and 
(bottom) 10 c d s .  The contour intervals are (top) 1 cm and (bottom) 5 c d s ,  except for the 2.5-cds dotted 
lines. 
I modes may play an important role in the evolution of ZCA. 
(It needs to be kept in mind that U on Figure A l  is maximum 
at the equator in terms of Kelvin and nz = 1 Rossby modes). 
As a consequence, we now put the emphasis on the signature 
of Kelvin and Rossby waves, in terms of ZCA. 
b 
6. Synopsis of Kelvin and Rossby Modes 
in Zonal Current and Wind Forcing 
6.1. The Kelvin and Rossby Modes in Zonal 
Current Anomaly 
To identify the signature of first baroclinic Kelvin and 
Rossby waves as the ones identifled in Plate 1, the ZCA is 
projected into equatorial orthogonal modes (see appendix), 
restricting our attention to the Kelvin, first symmetric ( m  = 
l ) ,  first antisymmetric (in = 21, and second symmetric (m = 
3) meridional Rossby modes. Figure 5 shows the 160"E 
9o"W zonally averaged rms of the ZCA and the cumulative 
contributions of the Kelvin, m = 1, tn = 2, and in = 3 
r 
b 
Rossby modes. The zonally averaged rms of the ZCA ranges 
within 10 to 20 c d s  near 4" latitudes, where it decreases 
almost linearly poleward. Within 4ON-4"S it is roughly a 
bell-shaped function with the peak at 1"N. Most importantly, 
the cumulative contribution of the Kelvin and m = 1 Rossby 
modes is almost identical to the total rms, meaning that these 
two modes contribute equally to most of the rms in ZCA. A 
statistical study reveals that within 4ON-4"S (a bit more than 
one radius of deformation of the first baroclinic mode off the 
equator), 71% of the total variance in ZCA can be accounted 
for by the contribution of the Kelvin and ìn = 1 Rossby 
modes. This percentage increases to 85% when we also 
consider the in  = 2 Rossby mode, which is responsible for 
the slight northward shift of the total rms of ZCA in Figure 
5. 
Clearly, Figures 4 and 5 indicate that the zonal current 
within 4"N4"S is the most energetic anywhere and that its 
variability can be fairly well reproduced using only the 
Kelvin and nz = 1 Rossby modes. Moreover, modeling 
studies involving the delayed action oscillator mechanism 
1 
'5.100 DELCROIX ET AL.: SURFACE CURRENT ANOMALY IN THE EQUATORIAL PACIFIC 
a SLA Along 4s b SM Along the Equator c SLA Along 4 N  - -- 
- 
Jan 89 
Nov 88 
Sep 88 
Jul 88 
May 88- 
Mar 88 
Jan 88- 
Nov 87- 
Sep 87- 
Jan 87 
N O ~  86
Jul 87 
May 87 
Mar 87 
- 
- 
- 
- 
- 
- 
- 
-- 
150.E 150-W 90W 150"E 150V 9O.W 150.E 150"W 9ow 
LONGITUDE LONGITUDE LONGITUDE 
-24 -16 -8 O 8 16 24 
Plate 1. Longitude-time plots of sea level anomalies (SLA) along (a )  the 3's latitude, tb) the equator. and 
(c) the 3'N latitude. Contour intervals are 4 cm. 
[Battisti, 1988; W~ikurci anci Sarachik. 1991 1 sugge4t that 
these two modes are very important in the ENS0 cycle. ,4s 
a consequence, we now focus on these two modes onIl, 
6.2. The Kelvin and Rossby Modes in the Wind Forcing 
The projection of normalized zonal wind anomaly onto the 
Kelvin mode. as detailed in the appendix, i <  shown in Plate 
?a. The projection of the zonal Rind anomaly onto the 111 = 
1 Rossby mode is not shown here. As discu4sed by UhXata 
arid SarczchiX [1991]. it has almost the same pattern as in 
Plate 'a but of opposite \ign and about half ( - 2 '  ','31 the 
amplitude. As a consequence, it is ureful to note that a 
westerly Kelvin Nave forcing, i.e.. a positive value on Plate 
?a tends to huild up dounwelling Kelvin and upaelling 
Rossbq waves nith hoth eastward ZC.4 signature, i.e.. a 
positive value on Plates 3b and 3c and vice versa. Becauw it 
is almost identical to the zonal wind anomaly ohserved in the 
equatorial band, the Kelvin wave forcing will be hereafter 
defined as the zonal wind anomaly. Schematically. \%e 
observe westerly (easterly) wind anomali nest (east) of 
130"W during EI Niño and, conversely, easterly (westerly) 
wind anomaly east (west) of 130"W during La Niña. A more 
thorough description is given in the following section. 
7. Chronology of the Zonal Current Anomaly 
Near the Equator 
The longitude-time plot of the Z C 4  along the equator 
(Plate 3a) shows that EI Niño is mostlq characterized by the 
dominance of eastward ZC4. nhereas La Niña is mostly 
characterized by the dominance of w e s t ~ a r d  ZC:i. During 
the whole period. in agreement with Plate 1. a e  note the 
occurrence of both eastward and I\ e\taard propagution of 
ZC4. reflecting the competing influence of Kelvin and rì? = 
1 Rosshy modes. The longitude-time plots of these two 
modes along the equator is given in Plates 3b and 3c. keeping 
in mind that off-equatorial contribution can be deduced from 
Figure A l .  Plate 3h she\\\ that doi+nnelling Kelvin waves 
appear mainly during EI Niño, whereas upwelling Kelkin 
waves appear mainly during La Niña. In  agreement \\iith the 
SLA, Plate 3c shows the semiannual alternation of upwelling 
and donnwelling I I I  = 1 Ro-bq \ \a tes  during the whole 
period. consistent with the normal se:isonal cycle [ t l i t f 'cr i -  
Imxt C I  ( I / . ,  19921. hut with enhanced amplitude. Intere$t- 
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Figure 5. hleridinnal di4trihution of the Ih(PE-90^N7 a\er- 
aged standard deLintinn for the w r f x e  zonal current anom- 
aly (ZCA) (solid line) and the cumulative contributicm of the 
Kelt in (short-dashed line). fir\t sl mmetric Ros\bq (dotted 
line). fint antisymmetric Ro\\bq (dash-dotted line). and 
second 5) mnietric Ro4shs modes IIong-d;i\hed line). 
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Plate 2. (a) Longitudetime plot of the projection of the zonal wind anomalies onto the Kelvin mode. 
Units are nondimensionalized (see the appendix); note that 2.5 units roughly correspond to 10 m2/s2 zonal 
pseudostress at the equator. Contour intervals are 2.5 units. Positive values denote westerly Kelvin 
forcing anomaly. (b) Monthly sea surface temperature anomalies (SSTA) relative to the 2-year period 
November 1986 to October 1988, averaged in the so-called Niño3 region (5"S-SoN, l5O0W-9OoW). Units 
are degrees Celsius, and positive values are shaded. (c) Monthly Southern Oscillation Index (SOI) defined 
as the differences between the standardized sea level pressure anomalies at Tahiti and Darwin (Tahiti 
minus Darwin). Values are normalized by the mean annual standard deviation. Negative values are 
shaded. 
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Plate 3. Longitudetime plots along the equator of (a) the surface zonal current anomalies (ZCA), (b) the 
ZCA projected onto the first baroclinic Kelvin mode, and (c) the ZCA projected onto the first symmetric 
Rossby mode. Contour intervals are 20 c d s .  
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ingly. time lag correlation matrix analysis performed be- 
taeen 180" and 100"W on Plates 3b and 3c lields phase 
speeds of 3.1 2 0.8 and 1.1 2 0.3 m/s, respectitely. Once 
again, this justifies a posteriori using the first baroclinic 
mode phase speed ( c  = 1.8 m:s) to project the ZCA. 
With this overall view in mind we now turn to a detailed 
description of the ZCA near the equator during 1986-1988, to 
be identified in terms of Kelvin and first symmetric Rossby 
modes. 
7.1. The El Niño Period 
At the beginning of the analyzed time series, November 
1986. the SSTA (still defined in the Niño3 region) was close 
to zero, although the SOI was already negative (Plates 3b 
and 2c). reflecting that the large-wale trade wind has started 
to decrease for 3-4 months [Delcrois ct d.. 1991. Figure 91, 
following Wjrrki's [ 19751 ENSO scenario. 
In December 1986 a large and strong patch of westerl) 
wind anomaly occurred in the warm pool region. west of 
170"W. uith the highest value centered near the date line 
(Plate ?a). Concomitant with this patch was the appearance 
of a well-marked downwelling Kelvin wave; it propagated all 
the way to the eastern houndar] and had a ZCA signature of 
the order of 40-80 cmk (Plate 3b). Dclcrdy ct (11. 119911 have 
also highlighted this strong downwelling Keh in wave in 
SLA through time lag correlation analysis ( c  = 3. 8 m/s) and 
leaqt squares fits of its meridional structures at different 
longitudes ( c  = 3.3 mis). Still in December 1986, consistent 
with the zonal wind anomal). was a hint in Plate 3c of an 
upwelling Rossby wave propagating westn ard from I70"W. 
In January 1987 the strong doanwelling Kelvin make 
reached the eastern Pacific coast when it encountered unfa- 
vorable easterly \+lind anomaly (Plate ?a). hlodel results 
suggest that this \\ind anomaly preLents the donnnelling 
Kelvin wave from reflecting rdrrPcdlour cr id.. 19931. yet no 
sign of reflection nas seen in our observations. The Januar) 
1987 easterly wind anomaly not only existed in the eastern 
basin. but also as fw as the warm pool region uhere Plate 3h 
m e a l s  its po\\ible effect in triggering a ~ e a k  upwelling 
Kelvin \save of 10 cmls westaard ZCA. 
In earl] March 1987 the \ieak upnelling Kelvin \\ave 
passed the Galapagos Islands. At that time. u esterly wind 
anomal! had resumed in the i$estern Pacific. As expected 
from theory. our observations suggest that this aesterly 
wind anomaly induced a March 1987 doi\nnelling Kel\ in 
habe starting from about IhO"W and of 20 cmls eastward 
ZCA. Most importantIl, the westerl) Mind anomaly 
strengthened tom ard the eastern houndar). probably in 
relation to the SSTA increase (Plate ?h) associated \sith the 
reduction of the seasonal upnelling [e.g.. Drlrroii. 19931 
and/or the thermocline depression resulting from the strong 
downwelling and weah upwelling Kel.iin uaves acting in 
opposition. Lvith the former dominating. As ;i possihle rewlt 
of this \iesterl) wind anomaly. a March-September 19x7 
strong upn elling Rosshy wave propagated across the v. hole 
equatorial basin mith 40-80 cm/s ea\ti\ard ZC.4 (PIate 3c). 
Given the large amplitude of this Rossbq wave. it n a b  even 
evident in the earlier, l o s  accurute Geosat datiì [DcILroit t'r 
id.. 19911. Interestingl>. driPttrllr~lir ct t i l .  [ 19911 demon- 
strated that in their model the reflectitin of the neah up- 
Melling Kelvin R ~ V C  weakly contribute< to this strong up- 
nelling Ro<sb> wa\e and mahes it iisihle all the n a )  from 
the eastern to the i\estern Pacific. .St the eastern houndar) 
the timing of our observed upwelling Kehin and Rossby 
\+aves agrees with their results. 
From April to November 1987 the u esterly wind anomaly 
prevailed in the central Pacific as long as SSTA remained 
positive (Plate 2b). During that period a series of down- 
welling Kelvin waves was being produced with eastward 
ZCA of 2&50 cm/s (Plate 3b). Namely, three mein down- 
uelling Kelvin waves propagated from 170"-180"W. respec- 
tively. in May/June (20-40 c d s  ZCA), JulylAugust (20-60 
cmls ZCA). and the last one in OctobedNovember 1987 with 
the lowest ZCA. These three downwelling Kelvin waves 
obviously arose in SLA (Plate Ib). and the second one was 
noted b l  Delcroix et d. [1991]. Surprisingly, given the 
I-month resolution of the original wind field, the patches of 
maximum westerly uind anomalv. 5 to  7.5 units in Plate la. 
closely coincide with the three observed downwelling Kelvin 
waves. We note that the J~ly/~4ugust  downwelling Kelvin 
wave emanates from ahout 170'W where and when the FSU 
wind field analysis shows ea\terly wind anomaly. Direct 
wind measurements, honever. conflict nith this FSU anal- 
Isis. Strong westerly winds were observed at 0'-165"E in 
June and Juli [AIL-P~~~IcIcII  t't d.. 19901 and from 4OS-3"N 
during the Surtropac 8 cruise along 165'E from July 9 to 12 
[Dclcroi,\ et íil.. 19971. 
7.2. The Transition Period 
The Octoberl'November 1987 downwelling Kelvin wave, 
the last of the EI Niño downwelling Kelvin wave series. 
entered the central Pacific when the SOI and the SSTA 
returned to zero (Plates 2h and 2c). Then, this downwelling 
Kelvin wave encountered easterlj \+ind anomaly. which 
apparent11 severely reduced its amplitude and prevented it 
from reaching the eastern Pacific. To a certain estent, the 
easterly \\ind anomalj seems to reinforce a doi\n\velling 
Rocshy Ha\e \\hich could have left the eastern Pacific in 
June/.Iuly 1987. as easterl) Mind anomaly built in phase with 
the normal seasonal cycle. 
From November 1987 to Februar) 1988 the central Pacific 
westerl) ti ind anomal) decreased \+hile the SST 4 was close 
to zero. This ga\e ad) to easterly v,ind anomaly nhich 
heems instrumental in forcing another don nwelling Rosshy 
\\ave. This wave encountered continuous. favorable easterly 
\Find anomal) uhile propagating to the Itectern boundary. 
which it reached in ,I.larchtApril 1988. Besides. a\ the zonal 
\sind anomuly increaed westa ard in the western Pacific. 
during Novemher'December 1987, a downti elling Keh in 
\+ave v.as produced. closel) in phase with the normal 
seasonal cycle [drrPcnhotit ut  d.. 19921. Its eastward ZCA 
signature, 10-30 cmrs. counteracted in the aes t  and reduced 
in rhe east the nestaard ZCh associated with the previousl) 
mentioned do\vnwelhng Rossb) wave. 
7.3. The La Nifia Period 
The SOI crossed zero from negati\ e to positive value\ in 
March I988 (Plate 3c). In contrast. the SST.4 became 
positive again, in phase \sith the normal seasonal cycle [e.g.. 
Dckwt \ .  19Y31. and perhaps a\ a result of the earl) 1988 
seasonal downwelling Kelvin \\ave ts hich may ha\e acted to 
warm the SST in moving the cold \\ater ana) from the 
surface (alt hough its effects should he weak hecause the 
upnelling is minimum :it this time). The return of positive 
SSTX in hlsrch 1W corresponded to the occurrence of 
uestcrl) wind anam:il) in the ea\tern half of the basin. 
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Following this, the SSTA became frankly negative and the 
westerly wind anomaly in the eastern Pacific migrated east- 
ward to July 1988 when its amplitude fell to zero. As long as 
this westerly wind anomaly existed, during March-July 
1988, upwelling Rossby waves continued to be produced 
from the eastern Pacific, with westward ZCA signature of 
the order of 10-30 cm/s. 
In contrast to March-April 1987, when westerly wind 
anomaly occupied almost the whole basin, the positive 
SSTA in March-April 1988 coincided with westerly wind 
anomaly in the east but not in the west. In fact, easterly wind 
anomaly prevailed in the western half of the Pacific, proba- 
bly in relation to  the westward return of the warm pool under 
the 6-month cumulative effects of westward ZCA associated 
mainly with the previously noted downwelling Rossby wave. 
McPlzaden arid Picarrt [ 19901 with direct velocity measure- 
ments at 0"-165"E and J. Picaut and T. Delcroix (Equatorial 
wave sequence associated with the warm pool displacement 
during the 1986-1989 El Niño and La Niña, submitted to 
Journal of Geophysical Research. 1994) (hereinafter referred 
to as Picaut and Delcroix, submitted manuscript, 1994) with 
the present basin-wide ZCA bolster this explanation. 
Between March 1988 and the end of 1988 the SSTA 
reached its coldest values since 1975 and the easterly wind 
anomaly correspondingly persisted in the west, up to the end 
of the analyzed time series. With the persistence of easterly 
wind anomaly a series of upwelling Kelvin waves was 
generated from the warm pool region. Two main upwelling 
Kelvin waves are clearly discernible in ZCA, as well as in 
SLA (Plate lb), with eastward ZCA signature of 20-50 cm/s 
(Plate 3b). The first main upwelling Kelvin wave started near 
the date line in March 1988, concurrent with a strong patch 
of easterly wind anomaly (>7.5 units on Plate 2a). It encoun- 
tered favorable easterly wind anomaly while propagating to 
the central basin, and it reached the eastern basin in May 
1988 as the SSTA cooled rapidly. The second main upwelling 
Kelvin wave arose near the date line, in September 1988, 
almost simultaneously with the strongest recorded easterly 
wind anomaly (> 10 units on Plate 2a). As did the first main 
upwelling Kelvin wave, this second upwelling Kelvin wave 
propagated all the way to the east, most of the time accom- 
panied by favorable wind forcing, and it likely contributed to 
increasing the cooling of the SSTA at the time of strong 
upwelling. Plate 2a shows other strong patches of easterly 
wind anomaly (>7.5 units), in particular the one centered at 
150"W in July 1988; this corresponds to a relative maximum 
in eastward ZCA, but its eastward propagation is not clear. 
At the end of the analyzed time series, in early 1989, 
easterly and westerly wind anomaly still prevailed in the 
western and eastern halves of the equatorial Pacific, respec- 
tively. Then, consistent with the wind forcing, Plates 8b and 
8c show, in the western half of the basin, an upwelling 
Kelvin wave with eastward ZCA of 10-20 cm/s, and, in the 
eastern half, a downwelling Rossby wave with westward 
ZCA of 10-20 cmls, both resulting in a mean ZCA close to 
zero at the 0"-140"W mooring location (Figure 3). By Janu- 
ary 1989 the SOI was still positive and then decreased to 
zero, which was only reached by the end of 1989 (not shown 
here). The SSTA, however, began to rise sharply in early 
1989, in phase with the normal seasonal cycle, heralding the 
progressive demise of the cold event. 
8. Summary and Discussion 
A comprehensive description of low-frequency sea level 
anomalies (SLA) and surface geostrophic zonal current 
anomalies (ZCA) in the tropical Pacific was made possible 
with altimeter data pertaining to the first 2 112 years of the 
Geosat 17-day Exact Repeat Mission (November 8, 1986, to 
March 2,  1989). To this end, the recently improved Geosat 
geophysical data records [Cheiiey et al., 19911 were pro- 
cessed carefully through various steps, with the idea to best 
fit the derived ZCA to in situ, near-surface zonal current 
observations at three equatorial mooring locations (165"E, 
140°W, and 110"W). 
Once confidence was gained in Geosat-derived ZCA (and 
SLA), the emphasis was put on the equatorial wave guide 
where ZCA are more energetic than anywhere. Projecting 
the observed ZCA onto equatorial first baroclinic meridional 
modes, it was first demonstrated that the cumulative contri- 
bution of Kelvin and first symmetric ( m  = 1) Rossby modes 
matches the observed 4"N4"S variability fairly well. Owing 
to the importance of these two modes in ENSO cycle 
models, the chronology of the ZCA in the equatorial wave 
guide was then interpreted in terms of Kelvin and ti7 = 1 
Rossby modes during the 19861987 El Niño and the ensuing 
1988-1989 La Niña. 
The 1986-1989 complete ENSO cycle was divided into 
three periods, relying on ENSO indicators such as the 
Southern Oscillation Index (SOI), the SSTA in the Niño3 
region (5"N-5"S, l5OoW-90"W), and the occurrence of basin- 
wide mean eastward and westward ZCA. The first period, 
the 1986-1987 El Niño, is characterized by a strong down- 
welling Kelvin wave in December 1986 to January 1987, a 
series of downwelling Kelvin waves in March-October 1987, 
and a strong in = 1 upwelling Rossby wave in March- 
September 1987. Of main interest, these waves are all 
consistent with the zonal wind anomaly forcing. Moreover, 
they all gave rise to notable eastward ZCA for almost an 
entire year during the 1986-1987 El Niño, as was modeled 
during the 1972-1973 [Gill, 19831 and 1982-1983 [Bigs and 
Blrrrzdell, 19891 El Niño events. The second period, the 
transition, reveals the occurrence oftwo 111 = 1 downwelling 
Rossby waves originating from the eastern Pacific at times of 
favorable zonal wind anomaly forcing. These downwelling 
Rossby waves, propagating in the second half of 1987 and 
early 1988, acted to switch the basin-wide mean ZCA from 
eastward to westward. This terminated the warm event, El 
Niño, and gave rise to the subsequent cold event, La Niña. 
The third period, La Niña, shows the generation of a series 
of upwelling Kelvin waves, clearly identified in MarchlApril 
and SeptemberlOctober 1988. These upwelling Kelvin waves 
are apparently in close relation with the advent and persis- 
tence of easterly wind anomaly in the western half of the 
basin, from March 1988 to early 1989. The occurrence of this 
easterly wind anomaly in the west seems associated with the 
anomalous westward displacement of the warm pool pro- 
duced by the westward ZCA during the transition period. In 
contrast with the El Niño period, these upwelling Kelvin 
waves yielded to the dominance of basin-wide mean west- 
ward ZCA for more than 1 year, this ZCA being slightly 
reduced by a front of tn = 1 upwelling Rossby waves in 
phase with the normal seasonal cycle. 
Interestingly, the zonal wind anomaly forcing appears 
repeatedly as the main source for Kelvin and iii = 1 Rossby 
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Figure 6.  Time series of 13O"E-16O"E averaged Kelvin forcing anomaly derived from the special sensor 
microwave imager (dashed line) and Florida State University wind products (stars) and equatorial Kelvin 
amplitude at O"-160°E (solid line). 
waves which both mostly govern the ZCA within 4"Nll'S. 
In the eastern half of the basin we noted that the zonal wind 
anomaly is closely related to the enhancedlreduced SST 
seasonal cycle during El Niño/La Niña, respectively. In the 
western half of the basin we suspected a tight relation 
between the zonal wind anomaly and the zonal displacement 
of the eastern edge of the warm pool resulting from the ZCA 
signature of Kelvin and Rossby waves forced by the zonal 
wind anomaly itself. Clearly, the way sea surface tempera- 
ture. surface zonal current associated with Kelvin and mi = 
1 Rossby waves, zonal wind anomaly, and zonal displace- 
ment of the warm pool in the equatorial band comhined to  
conctructively build the 19861989 EI Niño and La Niña 
cycle deserves further in-depth investigations. to be dealt 
with in another paper (Picaut and Delcroix, submitted manu- 
script, 1994). 
At this point. comparing our analysis Hith modeling re- 
sults is instructive. Most importantly. we would like to  
emphasize the repeated timehpace coincidence of observed 
favorable wind forcing with observed Kelvin and m = 1 
Rossby waves. In other words. our analysis of a peculiar 
ENSO cycle was made without the need to tahe into account 
eastern and/or western boundav reflections. Still. at the 
eastern boundary, Plates 3h and 3c indicate possibilities for 
the upwelling Kelvin waves arriving around March 1987 and 
May 1988 (ZCA < O) to reflect into upwelling Rossby waves 
iZCA > O ) .  There is also a hint in Plates 3b and 3c that the 
downwelling Kelvin waves (ZCA > O) arriving in June 1987 
might reflect as downwelling Rossby waves (ZCA < O).  
Modeling results indeed suggest these eastern boundary 
reflections. at least during EI Niño, although they would only 
contribute weakly in sending Rosshy waves back to the 
central Pacific [dirPrnhont et d . .  19921. 
As noted in section 4.1 ~ the relatively poor quality of the 
Geosat data near the \Sestern Pacific rim prevents us from 
exploring the evolution of Rosshy waves Lsest of 1hO"E 
longitude. Howeber. at this longitude the sign of the ZC.4 in 
Plates 3b and 3c shows that :i po5rible we5tern boundary 
reflection could occur in December 1957 when a down- 
welling Rotsby nave (ZCA < 0) might reflect as a doun- 
welling Kelvin wave (ZCA > O). If factual, then this western 
boundary reflection would yield eastward ZCA that would 
tend to plunge the ocean into a warm event. contrasting with 
the delayed oscillator theory. where reflections of upwelling 
Rossby wave into upwelling Kelvin wave act to terminate 
the warm event. 
In order to assess the possihle role of western boundary 
reflections, we projected the FSU and SSMlI western Pacific 
wind stress in terms of Kelvin forcing. A5 discussed by 
Birsulncchi er al. [ 19931. the SSM/I wind product has a better 
timeispace resolution in the western Pacific than other 
products relying on ship and buoy wind observations. Figure 
6 s h o w  the FSU and SSM/I Kelvin forcing averaged within 
13VE-160"E. together uith Kelvin contribution to ZCA at 
the equator and 160"E (the western limit of our domain). 
Interestingly. time senes of Keh in forcing and Kel\ lin ' con- 
tribution to ZCA present a good correspondence. propound- 
ing that wind forcing u a s  the main trigger of Kelvin waves 
propagating from the western toxard the central Pacific. 
Once again, this tends to controvert the possible role of 
Rassby reflection at the western boundary regarding the 
termination of the 19861987 EI Niño. 
Given the sign of Kelvin and Rosshy contributions to ZCA 
at 160"E (discussed above from Plates 3b and 3c) and the 
close relation between Kelvin forcing and Kelvin contribu- 
tion to ZCA in the western Pacific (discussed above from 
Figure 6 ) .  our observational study does not plead in favor of 
the delayed action oscillator mechanism. at least during the 
specific 1986-1989 ENSO cycle. The schematic scenario 
proposed by Picaut and Delcroix (submitted manuscript. 
1994), in which a downwelling Rocsb) wave originating from 
the eastern Pacific WRS the reason for the 19861987 EI Niño 
to turn to the 1988-1989 La Niña. gives credit to this 
conclusion. Notwithstanding, the importance of western 
houndarj reflection\. i.e.. the relevance of the delayed 
action oscillator mechanitm. i5 still debated in modeling 
studies. A\ a matter of fact. sensithity tests conducted on 
idealized ENS0 cycles \ho\\ that replacing the solid western 
botindar) with an open boundary (i.e., allnwlng no reflec- 
tion) either annihilates [e.g.. Bfrttisti,  19881 o r  does not 
change [ I i m y  t r r i t l  O'Brktz,  19931 the period of simulated 
ENSO. A s  noted b) B,ittic.ri [ 19681. only :i thorough ohser- 
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vational study in the western equatorial Pacific might decide 
whether or not reflection is a potentially important mecha- 
nism. We can expect that the unprecedented high-quality 
altimeter data gathered by the ongoing TOPEXPOSEIDON 
mission will help to refine and extend our analysis to the 
1992-1993 ENSO. 
Appendix 
A brief review of the linear theory of equatorial waves is 
presented to establish the framework of our analysis. Con- 
sidering a 1 lR-layer, reduced gravity model on an equato- 
rial p plane, scaled by a horizontal length scale L = ( c / p )  ‘ I 2  
and a timescale T = l / ( p c )  with c = ( g ‘ H ) ’ ‘ 2 ,  where g’ 
is the reduced gravity and H is the mean thermocline depth, 
the long-wave, low-frequency, shallow water equations are 
written as: 
- + h, = F 
yu 4- h, = G (Al) 
k t  + u, + Voy = o 
where x ( y )  is the zonal (meridional) distance; ~ ( 7 1 )  is the 
zonal (meridional) velocity component; h ,  the upper layer 
thickness, F ,  G, O,  the components of the scaled forcing 
function, and subscripts denote differentiation. Catie arid 
Saraclzik [ 19761 have shown that the homogeneous equations 
(Al) with variables proportional to exp [i(k.u - w t ) ] ,  where 
k and w are the zonal wavenumber component and fre- 
quency, respectively, may be reduced to a single equation in 
V 
The dispersion relation 
(A31 
results from the boundary solution that v -+ O when 
y -+ fa, and the corresponding eigenfunctions are 
+ J Y )  = (2~7tz!sr”2)-112e-y’/2~ Il ( Y (A4) 
where I I  > O is an integer meridional mode number and 
H,( y )  are the Hermite polynomials ( H l  = y ;  H 2  = 4y2 - 
2, etc. . . . 1. One additional solution v = O exists in (A2) for 
which w = k and I I  is set to -1 in extrapolating (A3). 
The Kelvin ( p i  = - 1) and Rossby (iz > 1) solutions form 
a complete and orthogonal system for the shallow water 
equations [Caiie arid Saraclzik, 19761. Following Cane and 
Sarachik [1981], we define an inner product [A, BI together 
with normalized Kelvin (Mk) and Rossby (R,) vector func- 
tions as 
(A6a) 
where the first and second component in Mk and R, refer to 
N and f i ,  respectively. The orthogonal vector functions Mk 
and R,, have their u velocities in geostrophic balance and 
satisfy the normalization conditions: 
with 
= 1 ri = m 
S I , , ,  = O n fnz  
Given the orthogonality and completeness of the Kelvin and 
Rossby vectors, any vector G can be written as: 
with 
Defining a “Geosat vector” G as 
where u$ and li$ are the scaled components ( I I $  = u l c ;  
li$ = gh/c) ,  this theoretical approach is applied to the 
Geosat-derived sea level and surface zonal velocity. Using 
(A4) and (A6), the normalized Kelvin (Mk) and first three 
Rossby (R, , R2, R,) vector functions become 
These components are shown in Figure Al .  The projection 
of the Kelvin and first three Rossby modes to the scaled 
surface current and sea level is then derived from (AS) and 
(Ag). 
In a similar way the forcing function, defined as the scaled 
wind stress vectors 7’ = TIPH, is projected onto the 
equatorial modes. In general, the Rossby modes are forced 
by both components of the wind stress. However, it is only 
the zonal wind stress that matters for the long-wave approx- 
imation. From the forced shallow water equations the pro- 
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Figure A l .  Meridional distributions of the normalized 
Kelvin modes (solid line), first symmetric Rossby modes 
(dashed line). first antisymmetric Rossby modes (dotted 
line), and second symmetric Rossby modes [dash-dotted 
line). The length scale is normalized by L = (c//3)*", 
meaning that 1 unit is equivalent to 3.15" latitude using c = 
2.8 d s .  (top) H is for sea level. and (bottom) U is tor zonal 
current. 
jection of the zonal wind anomalies onto the Kelvin and first 
symmetric Rossby modes in the meridionally unbounded 
case are written as 
The integral, in ('49) and (Al2l  are culculated numerically 
using the trapezoidal rule. Combined with the fact that the 
FSU wind field is averaged over I month. it i5 north noting 
that the numerical calculation underestimates (A 12). given 
the 2" latitude coarse meridiirnal resolution of this \\ind tield. 
SensitiLity studies using analytical test functions show that 
for the 2' latitude spacing the degradation of integrals 
tantamount to (Al') is of the order of 2 5 7  [Gill a r i d  Bigs, 
19851. The meridional ocean boundaries y are defined be- 
tween 30"N and 30"s when thel exist. A s  expected from 
Figure A l .  confining (A91 and tAl2)  betweeng = IO-N and 
10"s does not change the result significant]). as long as onl! 
first baroclinic Kelvin and mode 1-3 Rossbl \+aves are 
concerned. Given the prwence of continents, c,ilculation of' 
(A91 and ( A l l b )  thus zonaIl? restrict our d o m m  to IhO*E- 
9OW. Note. honever. that (A12ii) can he estimated rie:st of 
IhWE where meridional boundaries eust  nedr the equator 
[Cuirc m t f  Suradiil\. 19791. Besides. (49)  and (Al') are 
calculated with n constant phase speed (3 = 2.8 mls every- 
where. although the real hydrographic 5tnicture of the 
tropical Pacific indicates zonal and meridional variation in 
the first baroclinic mode speed [Picuirt r i t id  Sornbardier. 
19931. Choosing different phase speed L' f 1 O q  does not 
affect our main conclusions. 
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